Shot gathers from the Parkfield, California, deep crustal seismic reflection line, recorded in 1977 by COCORP, reveal coherent events having horizontal to reverse moveouts. These events were migrated using a multioffset three-dimensional Kirchhoff summation method. This method is a ray-equation back projection inversion of the acoustic wave field. which is valid under the Born, WKBJ, and far-field assumptions. Migration of full-wave acoustic synthetics, having the same limitations in geometric coverage as the COCORP survey, demonstrates the utility of the imaging process. The images obtained from back projection of the survey data suggest that the Gold Hill fault carries ultramafic rocks from the surface to 3 km depth at a dip greater than 45 degrees. where it joins the San Andreas fault, which may cut through more homogeneous materials at shallow depths. To the southwest, a 2 km Tertiary sedimentary section appears to terminate against a nearvertical fault. The zone between this fault and the San Andreas may be floored at 3 km by flat-lying ultramatics. Lateral velocity inhomogeneities are not accounted for in the migration but, in this case, do not seriously hinder the reconstruction of reflectors.
INTRODUCTION
The validity of the conventional process of stacking seismic reflection data as an imaging process depends on a number of assumptions about the character of the subsurface. Principally, the velocity of the medium must vary only slowly in the lateral direction. Where this constraint does not apply, a stacked section may not be interpretable. Some other method must be used to examine the data in the multioffset form of the physical seismic experiment.
This paper presents an example of a seismic reflection data set that cannot be fully interpreted using the stacking process and its underlying assumptions. It was recorded across a rather spectacular lateral heterogeneity, the San Andreas fault zone. It is seen below how the previous interpretations of this survey could not image the strongest reflections in the data set. To image these events, a method with less restrictive underlying assumptions is then described. Its effectiveness is demonstrated through imaging of synthetic data. Finally, the imaging of the field data set provokes conclusions on the relationship of the geologic and physical settings of both the area near the San Andreas fault and seismic reflection targets in general.
In 1977, COCORP recorded 27 km of deep crustal reflection data on a route crossing the San Andreas fault in Monterey County, California, near the town of Parkfield. This section of the fault has long been of interest to seismologists because of the regular occurrence of moderate earthquakes on it. Evaluations of velocities and other seismic characteristics of the region have been included in several studies of seismic activity, such as those by Eaton et al. (1970) and Liu (1983) . Analysis of reflection profiles just to the north, along the San Andreas in San Benito County, by Feng and McEvilly (1983) shows that the fault zone is marked by "extreme lateral heterogeneity." This is principally expressed as relatively low velocities within a zone surrounding the fault a few kilometers wide. Figure I is a map of the Parkfield area showing the route of the survey and major fault traces in the vicinity, as mapped by Hanna et al. (1972) . The data from the COCORP survey were originally processed and interpreted by Long (1981) . He made interpretations of the history of the crustal blocks juxtaposed by the fault, based on characteristics observed in a stacked section. His line drawing of the major events in that section is given in Figure 2 . Long observed differences in the densities of events in different parts of the stacked section, relating changes in event density to crustal discontinuities. He interpreted diffractions at shallow levels of the fault zone as the effect of structures truncated by processes of brittle fracture. The deeper, "transparent" part of the zone represents a region of ductile flow. Because of the poor quality of the stack, these conclusions could not be made with confidence.
A better approach was undertaken by McBride and Brown (1986). They presented a complete reworking of the data set, facilitated by the previously unavailable, detailed control of the data processing and reduction. Precorrelation and prestack balancing, filtering, and editing contribute to an overall improvement in the stacked section. The densities of stacked events were again used to make associations with regionally known crustal structures.
This kind of interpretation is limited in that it is based on the assumptions in the stacking process, which, as Feng and McEvilly (1983) showed, are thoroughly violated in this region. Further, it attempts to assign geologic interpretations to a physical phenomenon, i.e., stacked event density, where little experimental control exists on the relation of particular geologic units to observable reflections. It is difficult to show that the stacked event density is not an artifact of the survey procedure or the data analysis, especially in an area where stacking could be invalid.
In fact, the methods used by Long (1981) and McBride and Brown (1986) are not capable of imaging the strongest reflection events in the data set. While these events cannot be analyzed by stacking, they can be reduced through a simple, though time-consuming, procedure. A multioffset Kirchhoff summation imaging process does succeed in showing where the major physical boundaries of the fault zone lie. veys with different orientations, he was able to locate the carry most of the energy in the seisimic gathers. They therefaults by relating the arrival times of the events to the propafore represent the most fundamental physical boundaries in gation time along the refractor. the area. Some compensation for the sinuosity of the COCORP line can be made by sorting out common-midpoint (CMP) gathers of the data. All traces whose midpoint fell within 230 m of a node of a two-dimensional (2-D) grid of points with the same spacing were sorted into a gather for that node, regardless of the orientation of the shot-receiver pair. Two of these gathers are shown in Figure 4 . The unusual arrivals at about 2 s at the farther offsets can be found on many gathers. As Figure 4 shows, the apparent velocity of the sidewall reflection changes drastically as the survey crosses the San Andreas. On the southwest side, the receivers are between the vibrators and the fault. so the moveout is negative. On the northeast side, the receivers are f-artiier from the fault than the vibrators, so tie moveout is normal (positive).
To obtain an image of these reflectors, it is necessary to have a starting idea of the velocity structure in the area. The CMP gathers made from the southwest part of the line did show coherent reflections from near-horizontal structures in the upper 3 km of the crust Interval velocities calculated from velocity semblances of these gathers indicate a strong velocity gradient in this area similar to that found by Liu (1983) Such events, especially where they have negative moveout, obviously cannot be stacked using any physically meaningful stacking velocity. The stacking process would destroy their coherency, rendering them invisible in a stacked section. On the other hand, where the line is oriented such that the sidewall reflection has a normal, positive moveout, it may stack coherently. but its location in the section will be completely incorrect. If the reflection point is not in the plane of the survey line, it will not be possible to migrate the stacked reflection to its correct location. Yet some process of imaging the reflector producing these events must be found, since they The velocity gradient in !he uppermost crust explains how reflections from a vertically oriented structure could be recorded by a horizontally oriented receiver spread. Horizontal bending of the raypaths with depth, within such a strong velocity gradient, assures that reflections can be located on structures dipping even more than 90 degrees from the horizontal. The ray bending will, unfortunately, also act to limit the range of depths covered by the recorded reflections. could not help image the structure that produced the arrival. Such a situation demands prestack migration. The method must be simple enough to enable tens of thousands of traces to be processed in a reasonable amount of time Yet it should be robust enough to prevent being adversely affected by the copious random and coherent noise seen on such deep crustal surveys.
IMAGING METHOD

Approximations to the wave equation
Some assumptions about the data greatly simplify the task of inverting an elastic wave field for the properties of the earth through which it has propagated. Le Bras (1985) developed representations of the acoustic and elastic wave equations, based on several assumptions which reduced the inversion of reflection data to a process very similar to the Kirchhoff sum migration of Jain and Wren (1980). First, the Born approximation considers the scattered wave field to result from small, rapid variations in material properties, which are superimposed on larger, slowly varying properties which affect only the propagation of the wave. This approximation allows the effect of scattering at varying incidence angles to be linearized (Wu and Aki, 1985) . Second, the WKBJ approximation, which assumes that the medium parameters vary slowly along the propagation path, allows the propagation through the medium to be regarded as a high-frequency ray. This approximation is also dependent upon the third approximation, that the source and receiver are in the far field relative to the reflector. With these three approximations the data can be considered to be a linear superposition of rays from individual point scatterers. The tomographic approximation to the inverse of this superposition, as discussed by Le Bras (1985), is simply the superposition of rays from individually recorded reflections. Thus, the scattering potential of the medium can be estimated as the sum of the reflections recorded by each source-receiver pair, positioned according to the traveltime of the rays between the surface points and the subsurface reflector.
Since the purpose of this paper is simply to establish the geometry of the scatterers within the medium, we ignore the amplitude correction factors due to the angle of incidence on the scatterer and to the length of the travel path. Further, the scatterer is represented by the sum of reflection wavelets without crosscorrelation with the source wavelet, since a source wavelet is not available. Certain restrictions apply; the data being inverted should contain only primary P-to-P wave reflections without any postcritical angle reflections or refractions.
With these approximations, the Kirchhoff summation method used here to image the geometric distribution of acoustic reflectivity is very similar to that used by McMechan and Fuis (1987) and outlined by Jain and Wren (1980). Figure  6 shows the geometry of a 3-D reflection from a steeply dipping fault zone within a vertical velocity gradient. This method is especially versatile in that the reflectivity at any depth point may be inverted from data recorded from sources and receivers at any location. The ordering of the data and of the inversion points are immaterial, since the tomographic sum may be made in any order. third of the image, however, the reconstruction is not complete due to the lack of reflection points on the fault zone at those depths. Because of the strong velocity gradient in the first few kilometers of depth, most of the rays turn horizontally or refract at shallow depths. In fact, some of the most strongly reconstructed points lie along refractors that prevail at particular depths.
MIGRATION RESULTS
Despite all the approximations, the poor quality of the records, and the large uncertainties in the velocity model, images can be obtained from the actual COCORP survey data. The reflections to be back projected are clear, highamplitude events that are most prominent on the records in Figures 3 and 4 . Because of the high signal-to-noise ratio, there can be fair confidence in this case that the migrated images will not be dominated by the effects of spurious, highamplitude noise.
The reflection data are back projected into four depth sections whose locations are shown on Figure 13 . The sections were located where there are heavier concentrations of midpoints, with B and D made parallel to test 3-D aspects of the image. All back projections were made using traveltimes calculated from the velocity profile in Figure 5 , which is most appropriate for the region to the southwest of the San Andreas. In migrating all of the sections (except for C), only traces having both sources and receivers southwest of the Gold Hill fault were used. Section B was migrated both from traces having the first arrivals muted and from traces without any mutes. The two sections showed little difference, so all of the migrations were run on unmuted data. However, ignoring the nearest traces, as was done by McBride and Brown (1986), did improve the imaging. 
